A fructose diphosphatase-phosphofructokinase substrate cycle has been reconstructed in vitro to provide a system that recycles fructose 6-phosphate and hydrolyses ATP to ADP and P,. The concerted actions of glucose phosphate isomerase, phosphofructokinase, aldolase and triose phosphate isomerase catalysed the loss of 3H from
estimation of the fructose diphosphatase-phosphofructokinase substrate cycle. For the reconstructed cycle, the rate of decrease of the 3H/14C ratio in [5-3H,U-14C]hexose 6-phosphate was proportional to the rate of fructose 6-phosphate substrate cycling. A detailed theoretical treatment of this relationship is developed, which enables the rate of substrate cycling to be determined in vivo.
Metabolic pathways that can be either anabolic or catabolic have distinct enzymes to catalyse thermodynamically irreversible reactions. This is illustrated by the interconversion of fructose 6-phosphate and fructose 1,6-diphosphate where phosphofructokinase (ATP-D-fructose 6-phosphate 1-phosphotransferase, EC 2.7.1.11) is required for glycolysis and fructose diphosphatase (fructose 1,6-diphosphate l-phosphohydrolase, EC 3.1.3.11) is required for gluconeogenesis. In a cell containing both of these enzymes, the simultaneous operation of phosphofructokinase (reaction 1) and fructose diphosphatase (reaction 2) constitutes an energetically wasteful substrate cycle (reaction 3).
may be important in a number of metabolic states, including the amplification of control signals (Newsholme & Gevers, 1967) , the control of gluconeogenesis (Newsholme & Underwood, 1966; Williamson et al., 1971 ) and the generation of heat in non-shivering thermogenesis (Newsholme & Crabtree, 1970; Newsholme et al., 1972) . This prompted us to develop a method that could be used to quantitate the phosphofructokinase-fructose diphosphatase substrate cycle. Measuring the hydrolysis of MgATP2-and the concomitant release of Pi is an obvious technique, but since MgATP2-and P1 are involved in numerous cellular reactions, this is a crude estimate at best.
Fructose 6-phosphate + MgATP2 -> fructose 1 ,6-diphosphate + MgADPFructose 6-phosphate + Pi <-fructose 1,6-diphosphate + H20 Sum of reactions (1) and (2):
MgATP2-+H20 ->MgADP-+ Pi (3) Since these enzymes are subject to control by AMP [AMP activates phosphofructokinase (Passoneau & Lowry, 1962; Mansour, 1963; Underwood & Newsholme, 1965 and inhibits fructose diphosphatase (Mendicino & Vasarhely, 1963; Taketa & Pogell, 1965; Underwood & Newsholme, 1965; Opie & Newsholme, 1967; Pontremoli & Horecker, 1971) (Rose, 1962 The configuration designations of fructose 1,6-diphosphate and fructose 6-phosphate are in accord with the anomeric preference of fructose diphosphatase (Schray et al., 1972) and of phosphofructokinase .
cycling. The Appendix After 10min, glucose 6-phosphate was isolated as described below. Determination of metabolites. Glucose 6-phosphate, fructose 6-phosphate, fructose 1,6-diphosphate, dihydroxyacetone phosphate and glyceraldehyde 3-phosphate were determined as described in Bergmeyer (1963) . Pi was determined by the reduction of phosphomolybdic acid with FeSO4 (Taussky & Shorr, 1953) .
Isolation of hexose phosphates. Aqueous samples containing hexose phosphates were applied to a column (0.5cmx6cm) of Dowex 50W AG resin (H+ form; X8) and eluted with water (2 x 3 ml). The combined eluates were concentrated and applied as a band to Whatman 3MM paper. The sugar phosphates were resolved by chromatography with the solvent system butan-1-ol-propan-1-ol-acetone-80% (w/v) formic acid-30% (w/v) trichloroacetic acid (8:4: 5: 5: 3, by vol.). Authentic glucose 6-phosphate, fructose 6-phosphate and fructose 1,6-diphosphate were used as markers. Each chromatogram was run twice in the same direction (ascending, 2 x 15 h) and the sugar phosphates were stained with diphenylamine-aniline spray reagent (Smith, 1958 The possible role of AMP in the control of substrate cycling was also evaluated. Fig. 1 (curve B) shows that the inclusion of AMP (50M) and ADP (350/tM) increased the ratio of fructose diphosphatase/phosphofructokinase required for maximal substrate cycling with only a slight decrease in the maximal rate. The further addition of myokinase to establish equilibrium between the adenine nucleotides caused a dramatic diminution in substrate cycling (Fig. 1, curve C) . The demonstration of regulation of Pi release by AMP is in accord with the known regulatory action of AMP on fructose diphosphatase (Pontremoli & Horecker, 1971) and is a finding consistent with P1 release by substrate cycling. Fructose diphosphatase/phosphofructokinase ratio Fig. 1 . Effect of the fructose diphosphatase/phosphofructokinase ratio on the rate ofATP hydrolysis Reaction mixtures (volume 3ml) contained 100mM-Tris-HCl, pH7.4, 1mM-MgSO4, 40mM-KCI, 1 mtdithiothreitol, 1 nM-ATP, 50tM-fructose 6-phosphate, 50uM-fructose 1,6-diphosphate, 4.5i. (50,ul) at various times and measuring the 3H/14C ratio of the combined hexose monophosphate and diphosphate pool.
It was now pertinent to demonstrate that 3H was lost from the C-5 position of labelled glucose 6-phosphate by the concerted action of glucose phosphate isomerase, phosphofructokinase, aldolase and triose phosphate isomerase. This was investigated by incubating [5-3H,U-14C]glucose 6-phosphate in the presence of various concentrations of aldolase and triose phosphate isomerase at a fixed concentration of the other enzymes. Fig. 2 shows that in the absence of either aldolase or triose phosphate isomerase there was no significant release of 3H. As the concentration of aldolase or triose phosphate isomerase was raised there was a progressive increase in the rate of 3H release. Maximum rates were achieved at an aldolase concentration of 1.5i.u./ml 104c.p.m. of '4C/,Umol), 0.1 mM-fructose 6-phosphate, 0.2mM-fructose 1 ,6-diphosphate, 3.5 i.u. of glucose phosphate isomerase/ml, 1.5 i.u. of aldolase/ ml and 4.8i.u. of triose phosphate isomerase/ml. The reaction was started by the addition of 1.5i.u. of fructose diphosphatase/ml and 0.45i.u. of phosphofructokinase/ml. Samples (0.4ml) were removed before the addition of the fructose diphosphatasephosphofructokinase mixture and, at the times indicated, for (a), the analysis of glucose 6-phosphate and fructose 6-phosphate (m), dihydroxyacetone phosphate (A), glyceraldehyde 3-phosphate (o), fructose 1,6-diphosphate (o) and Pi (-) , and for (b), the determination of the 3H/'4C ratio of glucose 6-phosphate (v) and fructose 6-phosphate (v). The values for this plot were obtained by differentiating the rate curves for orthophosphate release and the decrease in the 3H/14C ratio of glucose 6-phosphate shown in Fig. 3 (a and b) . loss of 3H from [5-3H,U-14C]glucose 6-phosphate will depend on both the absolute amounts of aldolase and triose phosphate isomerase and their relative activities compared with that of phosphofructokinase. A general consideration of the concentration of these enzymes (e.g., Shonk & Boxer, 1964) shows that in many tissues the activities of aldolase and triose phosphate isomerase are in excess of the minimum required activity shown in Fig. 2 and that the ratios ofaldolase/phosphofructokinase and triose phosphate isomerase/phosphofructokinase exceed those of Fig. 2 .
Having established the relation between enzyme concentration and the rate of loss of 3H, the relationship between the rate of substrate cycling and the rate of change of the 3H/14C ratio of glucose 6-phosphate was investigated. For these studies it was essential that no net carbon flux occurred. The final choice of experimental conditions that fulfilled this requirement was decided after several reconstructed systems were tested. Fig. 3(a) shows that after 2min a constant concentration of each of the metabolites in the desired proportion was achieved by a fructose diphosphatase/phosphofructokinase ratio of 3.33. For the observed concentration of fructose 6-phosphate (0.426,utmol/3 ml), the release of 1.404,umol of Pi (at 30min) corresponded to 3.3 complete cycles of fructose 6-phosphate. Concomitant with the measured increase of Pi there was a marked decrease in the 3H/14C ratios of glucose 6-phosphate and fructose 6-phosphate (Fig. 3b) . The rate of decrease of the 3H/14C ratio for each substrate was similar and closely resembled the rate of release of Pi. A plot of the first differential of the Pi release versus the rate of change of the 3H/14C ratio in glucose 6-phosphate was linear (Fig. 4) .
When phosphofructokinase was omitted from the reaction mixture there was no decrease in the 3H/14C ratio of glucose 6-phosphate. Measurement of the 3H/14C ratios ofhexose 6-phosphates was impractical for the system lacking fructose diphosphatase since the substrate, [5-3H,U-14C]glucose 6-phosphate, was rapidly converted into fructose 1,6-diphosphate and measurements of the 3H/14C ratio in glucose 6-phosphate or fructose 6-phosphate could not be obtained after 2min.
Conclusion
It is demonstrated that for the reconstructed fructose diphosphatase-phosphofructokinase substrate cycle the rate of decrease of the 3H/14C ratio in [5-3H,U-14C]hexose 6-phosphate is proportional to the rate of substrate cycling. Provided that aldolase and triose phosphate isomerase catalyse the rapid loss of 3H from C-5 of fructose 1,6-diphosphate in vivo, this technique can be used to estimate substrate cycling in vivo.
